Introduction {#s0005}
============

Hydrogen peroxide represents the most abundant reactive oxygen species (ROS) [1](#fn1){ref-type="fn"} and is an inevitable by-product of aerobic metabolism. It is formed by oxidoreductases by two-electron reduction of dioxygen or by dismutation of superoxide, in respiratory or photosynthetic electron transport chains or simply by autoxidation of biomolecules. However, H~2~O~2~ also acts as messenger in cell signaling pathways in eukaryotic organisms or as (antimicrobial) weapon in unspecific (innate) immune defence reactions [@b0005; @b0010]. Its cellular steady-state concentration is the consequence of continuos formation and degradation reactions and organisms differ enormously in their tolerance for H~2~O~2~.

Degradation of hydrogen peroxide can be done enzymatically by its reduction to water with the help of endogenous electron donors (mediated by metal-containing peroxidases or thiol-containing peroxiredoxins) but more efficiently by metalloenzyme-mediated dismutation to harmless O~2~ and water according to Reaction (1). In daily life its efficient degradation is of essential importance for both prokaryotic and eukaryotic cells, even for some anaerobic bacteria [@b0015].

There are indications that the evolutionary design of *catalatic* enzymes could have started in Archaean already some 3.5 billion years ago -- at the time when the ancestral planctonic bacteria acquired the potential of aerobic respiration [@b0020]. This was (later) associated with accelerated evolution of prehistoric catalases (and other ROS degrading enzymes) in the primordial cyanobacteria [@b0020; @b0025] by about 2.7 billion years ago. Cyanobacteria had succeeded in the development of tandem operation of two photosystems (namely a high-potential water-oxidizing photosystem II and a low-potential ferredoxin reducing photosystem I) resulting in oxygenic photosynthesis [@b0030]. This most decisive evolutionary step marked a turning point in evolution on Earth, opening up the era of an aerobic, oxygen -- containing biosphere and atmosphere. Primordial cyanobacteria performed both oxygenic photosynthesis and (mitochondria-like) respiration within a single prokaryotic cell [@b0035] with a high demand on ROS detoxification. The catalase evolutionary process increased further in intensity mostly in Proterozoic (2.45--2.32 billion years ago) in accordance with the beginning of an (slow) increase in atmospheric dioxygen [@b0040]. Another qualitative step of the evolution of ROS degrading enzymes was the occurrence of Eukaryotes around 2 billion years ago [@b0020].

In any case, the evolution of H~2~O~2~ dismutating (*catalatically* active) enzymes was a fundamental process in evolution of aerobic life [@b0005] and independently led to the appearance of three metalloenzyme gene families, namely typical (monofunctional) heme catalases (KatEs), (bifunctional) heme catalase--peroxidases (KatGs) and (non-heme) manganese catalases (MnCats) [@b0005]. This review focuses on the phylogeny and distribution of these oxidoreductases, whereas other contributions of this special issue report the relation between their differing structures and reaction mechanisms [@b0045; @b0050; @b0055].$$\left. 2\text{H}_{2}\text{O}_{2}\rightarrow 2\text{H}_{2}\text{O} + \text{O}_{2} \right.$$

The molecular phylogeny of *catalatically* active enzymes has already been the focus of several previous analyses and reviews with various scopes [@b0005; @b0060; @b0265]. Here, we present updates and new aspects for all three gene families based on newly available data from recent genome sequencing projects of numerous organisms. Additionally, we also report on rare fusion events of catalase genes during evolution and the intense evolution and high diversity of H~2~O~2~ dismutating enzymes in prokaryotic and eukaryotic pathogens enabling survival during oxidative burst induced by the attacked hosts.

Materials and methods {#s0010}
=====================

Sequence data mining {#s0015}
--------------------

Protein sequences of all three *catalatically* active enzyme families (KatEs, KatGs and MnCats) were collected from the public databases GenBank and UniProt. They were classified and analyzed in PeroxiBase (<http://peroxibase.toulouse.inra.fr>), where each collected sequence got its abbreviation and identification number. The latter is used throughout the present work.

Phylogenetic analysis {#s0020}
---------------------

Phylogenetic analyses were performed with the MEGA package Version 5.05 [@b0070]. First, protein sequences of each catalase family were aligned with the Muscle program implemented in the MEGA package with up to 100 iterations. Obtained alignment was subjected to Neighbor-Joining (NJ), Minimum-Evolution (ME) or Maximum Likelihood (ML) method of phylogeny reconstruction available in the MEGA 5.05 package. For NJ and ME 1000 bootstraps and for ML 100 bootstraps were applied. Obtained phylogenetic trees were depicted with the Tree Explorer program of the MEGA package. Conserved regions of obtained multiple sequence alignments were presented with GeneDoc [@b0075].

Results and discussion {#s0025}
======================

Evolution of typical (monofunctional) heme catalases {#s0030}
----------------------------------------------------

Typical (monofunctional) heme catalases are widely distributed among bacteria, archaea and eukarya. Reconstructed phylogeny of 200 representatives (out of 346 currently available in PeroxiBase; January 2012) and related gene fusions belonging to the catalase-like superfamily is presented in [Fig. 1](#f0005){ref-type="fig"} . The three main evolutionary clades of the catalase (KatE) superfamily depicted in [Fig. 1](#f0005){ref-type="fig"} were already defined in previous works [@b0005; @b0060; @b0080] with Clade 2 comprising large subunit catalases (∼750 residues per subunit) and Clades 1 and 3 small subunit catalases (∼500 residues per subunit). The oligomeric organization and the architecture of the typical catalase fold that includes about 460 residues is highly conserved in large- and small subunit catalases and described in detail by Diaz et al. in this special issue [@b0045]. This holds also for the high conservation and organization of catalytic residues in the heme cavity as well as differences between small- and large-subunit enzymes regarding heme orientation and type (heme *b versus d*) as well as posttranslational modifications of amino acids at the active site.

Evolution of typical catalases started with large-subunit catalases of Clade 2 that contains bacterial and fungal enzymes. Maximum likelihood analysis revealed that the ancestral representatives are located in the basal branch among Negibacteria, i.e. predecessors of modern Proteobacteria. Detailed reconstruction of this basal clade is presented in [Supplemental Fig. 1](#s0065){ref-type="sec"} with representatives from γ-Proteobacteria and Verrucomicrobia being evolutionarily the closest neighbors of the proposed ancestor of the whole family. A minor mycetozoan group of catalases is closely related with a Gammaproteobacterial branch that is further connected with the basal clade. As this rare *Dictyostelium* branch also contains large subunit catalases with (yet) unknown function, most probably a horizontal gene transfer (HGT) from Negibacteria into ancestral single cell eukaryots occurred. HGT events to *Dictyostelium* from bacteria living in the same environment were found to be frequent [@b0085].

Further steps of catalase evolution (middle of [Fig. 1](#f0005){ref-type="fig"}) led through proteobacterial large subunit enzymes (including typical representatives from the aquatic gram-negative cocci of the genus *Polaromonas*) towards Bacteroidetes and fungal large subunit groups. Bacteroidetes, with Flavobacteria as typical representatives, are aerobic rods possessing genes for both monofunctional catalases and bifunctional catalase--peroxidases (see below). Although most of extant Bacteroidetes are pathogenic, their predecessors living in soils and water apparently developed two different genes for highly efficient removal of both external and internal ROS.

The peculiar fungal group 1 of large subunit catalases is probably the oldest line of KatE evolution in fungal genomes and as it has representatives among Zygomycota and Mucorales ([Fig. 2](#f0010){ref-type="fig"} ) it must have evolved already in the first fungal ancestor. Most sequences of this group have a predicted signal sequence for secretion, thus group 1 evolved in fungal genomes as extracellular KatE paralog with many representatives in (phyto)pathogenic fungi [@b0090]. Further branches of large subunit catalases are constituted by closely related Firmicutes and actinobacterial KatEs that evolved through gene duplications from their common ancestor. Also few Euryarchaeota large subunit representatives are situated in this clade ([Fig. 2](#f0010){ref-type="fig"}), probably deriving through a single HGT event from Gram-positive bacteria. Clade 2 is completed with the second fungal KatE group containing mainly sequences from Basidiomycota and Ascomycota that, although intracellular, are slightly longer than secreted KatEs from the first fungal group. Similar to the first group, many of them also originate from pathogenic fungi.

From [Fig. 1](#f0005){ref-type="fig"} and previous analysis [@b0060] it is obvious that Clade 1 and Clade 3 typical catalases (as well as catalase gene fusions) evolved from ancestral Clade 2 catalases. This can be interpreted by the means of adaptation of KatE evolution, as frequently two distinct paralogs in the same genome code for functional catalase variants that differ in their behavior. Phenotypic diversity was already verified experimentally for 16 eubacterial and ascomycetous catalases [@b0095]. All known representatives from clades 1 and 3 have lost the extra C-terminal "flavodoxin-like" domain [@b0045; @b0060]. In some further evolved proteins the catalase domain is fused to a lipoxygenase domain. In Clade 1 catalases ([Fig. 3](#f0015){ref-type="fig"} ) there are several Firmicutes representatives at the phylogenetic base of this clade but the most abundant group is represented by plant catalases (analyzed in detail in the work of Scandalios et al. [@b0100]). New in this reconstruction is the introduction of Cryptogam catalase genes that evolved from the corresponding Chlorophyta genes during speciation events ([Fig. 3](#f0015){ref-type="fig"}).

Clade 3 ([Fig. 4](#f0020){ref-type="fig"} ) is the most versatile and abundant evolutionary lineage of typical (monofunctional) catalases. It has its roots among small-subunit catalases from Proteobacteria and Firmicutes. Further evolution of Clade 3 enzymes occurred through short *katE* genes of the Chloroflexi group towards small subunit archaeal representatives ([Fig. 4](#f0020){ref-type="fig"}) and in another direction towards various eukaryotic groups. Among them the close relationship between the short subunit fungal 3rd group and a rather small paralog group of plant -- Cryptogam catalases is very interesting ([Fig. 4](#f0020){ref-type="fig"}). The wood-degrading fungi *Phanerochaete* and *Coprinopsis* might have acquired these *katE* genes via HGT from simplest plants (Cryptogams) and, finally, phytopathogenic fungi, e.g. *Phaeosphaeria*, made use of this gene as an evolutionary advantage in attacking higher plants.

Further evolution of Clade 3 catalases occurred mainly among unicellular protistan genomes. There is a distinct branch of catalases from ciliates (Ciliophora) that is closely related with the second Mycetozoan branch, containing KatEs shorter than 500 amino acids. Phylogeny of Clade 3 continues with *katE* genes found in multicellular metazoan genomes (lower part of [Fig. 4](#f0020){ref-type="fig"}) following the general animal evolution line as reconstructed by other sequence markers [@b0105]. An unexpected turn in later steps of catalase gene evolution is the node between the fourth fungal group ([Supplemental Fig. 2](#s0065){ref-type="sec"}) which is connected with branches of catalase-lipoxygenase fusion proteins. The fourth group of fungal catalases consists of intracellular proteins mainly located in peroxisomes as is evident from the presence of the conserved PTS1 signal sequence [@b0110]. During evolution of the catalase-lipoxygenase fusion gene, the 5′-region coding for the catalase fold was subjected to a more rapid evolution as is evident from the comparison of the length of branches ([Fig. 1](#f0005){ref-type="fig"} and [Supplemental Fig. 2](#s0065){ref-type="sec"}). Today this part of the protein has lost its catalase function but still retained a high structural similarity to the catalase fold including a complete β-barrel and part of the α-helical domain. The modified domain has now the functionality of an allene oxide synthase (E.C. 4.2.1.92) as was proven for a fused protein from the coral *Plexaura homomalla* [@b0115]. [Supplemental Fig. 2](#s0065){ref-type="sec"} depicts that similar fusion proteins are also found in cyanobacteria, whereas in some plants they are part of putative multidomain complexes (so far not investigated). Nevertheless, this late events in catalase phylogeny may suggest that the stable catalase fold can be used as a scaffold for introduction of new functionalities by using directed evolution methods.

Summing up, typical heme catalases are found in all kingdoms of life and originally nature designed large-subunit proteins that lost at least around 150 C-terminal amino acids during evolution. Surprisingly, in cyanobacteria, the pacemaker of aerobic evolution, these metalloenzymes are found only in very few representatives in a branch of Clade 3, clearly suggesting that monofunctional catalase does not represent the oldest H~2~O~2~ scavenging enzyme designed immediately after development of oxygenic photosynthesis.

Evolution of (bifunctional) catalase--peroxidases {#s0035}
-------------------------------------------------

The phylogeny of catalase--peroxidases (KatGs) was reconstructed recently in the context of the evolution of the whole Class I of the peroxidase--catalase superfamily that also contains homologous cytochrome *c* peroxidases, ascorbate peroxidases and hybrid-type peroxidases [@b0120]. In analogy to the phylogeny of typical catalases, also the evolution of the peroxidase--catalase superfamily started with more complex proteins, i.e. predecessors of KatGs, being comprised of two domains per subunit, namely a N-terminal heme-containing domain and a C-terminal domain without cofactor [@b0045; @b0120]. Extant KatGs retained as the sole subfamily a real bifunctionality, i.e. a peroxidase activity according to Reaction 2 (with yet unknown physiological electron donors) and a significant (pseudo-)catalase activity that differs mechanistically from the classical *catalatic* mechanism of typical catalases [@b0125] but also follows Reaction 1. During further evolution of the peroxidase--catalase superfamily the (KatG-typical) C-terminal domain was lost as was the functionality of H~2~O~2~ dismutation [@b0120]. All other representatives of this heme peroxidase superfamily are typical (monofunctional) peroxidases with homology to the N-terminal domain of KatG.$$\left. \text{H}_{2}\text{O}_{2} + 2\text{AH}_{2}\rightarrow 2\text{H}_{2}\text{O} + 2^{\text{⋅}}\text{AH} \right.$$

Here, we have updated the amount of full-length KatG sequences for phylogenetic reconstruction to 204 (out of 471 currently deposited in PeroxiBase; January 2012) by covering representatives from archaea, bacteria and lower eukaryotes including Protista, stramenopiles and fungi. The resulting robust tree clearly shows division into two basic paralog clades, namely into main Clade 1 and minor Clade 2 that diverged at the beginning of evolution of KatGs ([Fig. 5](#f0025){ref-type="fig"} ) [@b0120].

Maximum likelihood analysis located the origin of *katG* gene evolution in the clade of marine heterotrophic bacteria from the phylum Planctomycetes ([Figs. 5 and 6](#f0025 f0030){ref-type="fig"}) with the closest phylogenetic neighbor being a KatG from the cyanobacterium *Gloeobacter violaceus*. It is important to note that Gloeobacteria might represent the closest extant relatives of primordial cyanobacteria that did not possess thylakoid membranes as specific site for oxygenic photosynthesis [@b0270]. Probably early *katG* acquisition by *Gloeobacter* (or its predecessor) was important to cope with photooxidative stress. [Fig. 6](#f0030){ref-type="fig"} suggests that KatGs that first emerged in aquatic heterotrophs were very soon transferred to marine autotrophs probably inhabitating the same environment. The branch of ancestral planctomycetes clade is closely connected to a homogenous basal branch containing solely sequences from Bacteroidetes that are obligate chemoheterotrophs comprising a significant portion of prokaryotic communities in the oceans [@b0135].

In (main) Clade 1 the branches of catalase--peroxidases from Cyanobacteria \[including also representatives from Deltaproteobacteria and Gammaproteobacteria\] and Firmicutes segregated quite early in evolution ([Fig. 6](#f0030){ref-type="fig"}). Among these sequences (putative) KatGs from the anaerobic organisms are found, e.g. from the alkaliphilic and thermophilic bacterium *Anoxybacillus flavithermus* [@b0140] or *Geobacter sulfurreducens*, suggesting the occurrence of catalase--peroxidases in extant anaerobic bacteria. A single eukaryotic representative from an Ecdysozoan parasite of fish ("sea louse"), *Lepeophtherius salmonis*, present among early branches of cyanobacterial KatGs ([Fig. 6](#f0030){ref-type="fig"}), needs further analysis as it has sequence features typical for eubacterial KatG.

In Clade 1 further steps of evolution led to segregations of a KatG branch containing proteins from Actinobacteria as well as three main proteobacterial branches designated major groups A, B and C ([Figs. 6 and 7](#f0030 f0035){ref-type="fig"}). The few Euryarchaeal representatives may be the result of HGTs between ancient Proteobacteria and Archaea. In the proteobacterial group A mainly representatives from Gammaproteobacteria but also several Verrucomicrobia/Chlamydiae are found that are considered as deeply branching phylum in bacterial phylogeny [@b0145]. This large group includes also KatGs from phytopathogens (*Xanthomonas*) as well as endophytes (e.g. *Burkholderia phytofirmans*) in neighbored branches.

Besides bacterial and archaeal proteins recent sequencing projects showed the occurrence of KatGs in fungi including Sordariomycetes, Eurotiomycetes, Dothideomycetes and Basidiomycetes. All known fungal KatGs are descendants of a major HGT event between Bacteroidetes (here represented mainly by strictly aerobic Sphingobacteria and Flavobacteria) and an ancestor of the sac fungi ([Fig. 7](#f0035){ref-type="fig"} ). This situation is different to monofunctional catalases where corresponding fungal genes are also found in older lineages. The phylogeny of KatGs suggests a HGT from Bacteroidetes to Ascomycetes with a high bootstrap support ([Fig. 7](#f0035){ref-type="fig"}). There is no indication of a close relationship of Actinobacterial KatGs with fungal counterparts, although Actinobacteria are considered as close relatives with Neomura (i.e. the very ancestral eukaryotic branch [@b0150]).

Soon after KatG acquisition in ancestral ascomycetous genomes, a gene duplication -- supported by high bootstrap values in our analysis -- led to the divergence of KatG1 (intracellular) and KatG2 (secreted variant) groups ([Fig. 7](#f0035){ref-type="fig"}). The intracellular enzymes are more abundant than the extracellular proteins. Finally, the KatG1 group diversified into subgroups of Eurotiomycetes and Sordariomycetes catalase--peroxidases that are most probably located in peroxisomes, as is suggested by the presence of the PTS1 signal [@b0155]. Among Eurotiomycetes a further HGT of *katG* towards basidiomycetes (class of Ustilaginomycetes) occurred. The presence of a *katG* gene in the arthropod *Nilaparvata lugens* needs further investigation since it could derive from a (yet unknown) fungal pathogen of the brown planthopper.

In contrast to KatG1, all representatives of the fungal KatG2 group are extracellular heme proteins, since they possess a N-terminal signal sequence for secretion [@b0160]. All *katG2* genes originate in genomes of pathogenic fungi from the class Sordariomycetes being primarily phytopathogens (and few mycoparasites of the order Hypocreales). One species, *Fusarium oxysporum*, has two KatG2 orthologs and is a transkingdom pathogen. Extracellular catalase--peroxidase seems to be closely related with the pathogenicity of these organisms as has been demonstrated for *Magnaporthe oryzae*. In this rice blast fungus the extracellular KatG2 is essential for overcoming the oxidative burst and release of H~2~O~2~ by the attacked plant thereby enabling penetration of the host by the fungal cells [@b0090; @b0165].

Clade 2 catalase--peroxidases segregated from the (main) Clade 1 proteins quite early in evolution ([Fig. 5](#f0025){ref-type="fig"}) [@b0120] but contained eukaryotic lineages from its very beginning ([Fig. 8](#f0040){ref-type="fig"} ). One early branch of this minor Clade 2 is represented by intracellular (partially peroxisomal) KatGs from single-cell protozoa. In detail, a protein from a marine flagellated heterotroph from the phylum Apusozoa [@b0170] is closely related to a protein from unicellular photosynthetic algae belonging to the phylum Bacillariophyta [@b0175] pointing to eukaryotic HGT between (ancient) marine heterotrophs and autotrophs. The branch of KatGs from Proteobacteria in minor Clade 2 contains mostly sequences from various pathogens of human, animal, plants, and even protists. Examples are KatGs from *Francisella tularensis*, which is a multi-species intracellular pathogen with a demand on efficient H~2~O~2~ decomposition [@b0265] as well as the plasmid-born KatG (named "KatP") from the enterohaemorrhagic strain of *Escherichia coli* with unique periplasmic location [@b0180]. Another branch of Clade 2 contains KatGs from Euryarchae ([Fig. 8](#f0040){ref-type="fig"}). It is closely related with the protistan and the proteobacterial branches thus pointing to evolutionary connections between Archaean and unicellular eukaryotic phylogeny [@b0185]. This group includes KatGs from extremophiles, e.g. *Archaeoglobus fulgidus* [@b0190] or (related and anaerobic) *Ferroglobus placidus* with temperature optima around 85 °C [@b0190; @b0195]. Further interesting *katG*-containing extremophiles include *Halogeometricum borinquense* that exists in hypersaline environments with a salinity range between 1.4 and 5.2 M [@b0200]. In any case, (putative) bifunctional catalase--peroxidase from these extremophiles could be an attractive starting point for future applications.

The second known KatG from an eukaryotic Bacillariophyt (diatom), namely from *Phaeodactylum tricornutum* is related to the quite abundant group of algal/stramenopiles catalase--peroxidases. Among them, several representatives from green and brown algae are present, but the dominant group here is the branch of phytopathogenic oomycetes ([Fig. 8](#f0040){ref-type="fig"}). These (lower) eukaryotes are phylogenetically related to protists of the Stramenopile group, which is also supported by present analysis of KatG evolution ([Fig. 5 and 8](#f0025 f0040){ref-type="fig"}). Similar to fungal KatG2 group also these pathogenic oomycete KatGs are secreted enzymes [@b0205] but sequence similarity with (already investigated) ascomycetous KatG2 group is low (around 46%).

To sum up, bifunctional catalase--peroxidase are at the origin of evolution of one major heme peroxidase superfamily and are distributed among archaea and bacteria. These hydrogen peroxide dismutating metalloenzymes seem to be older than typical catalases and most probably were already present in ancient cyanobacteria at the time of development of oxygenic photosynthesis. In contrast to KatEs, KatGs are not found in higher plants, or animals but in protists and fungi. Normally, catalase--peroxidase is an intracellular oxidoreductase, which in eukaryotes is located in the peroxisomes. However, exclusively in phytopathogenic fungi a second secreted KatG is synthesized that seems to be involved in host attack, thereby being an interesting future target for specific drug design. Similarly to KatEs, also KatGs reveal during their evolutionary divergence adaptation to environmental conditions. This was demonstrated mainly for mycobacterial KatGs [@b0210] although for cyanobacterial KatG variants there can also be a neutral drift [@b0025]. Recently, the adaptation of two distinct fungal KatG groups was described also on the phenotypic level to a good extent [@b0215; @b0220].

Evolution of manganese (non-heme) catalases {#s0040}
-------------------------------------------

Manganese catalases (MnCats, also known as T-catalases or N-catalases or non-heme catalases) evolved among the domains of Eubacteria and Archaea. However, as there are already known representatives in Actinobacteria, expansion into Eukaryotes cannot be ruled out due to the proposed common origin of Neomura [@b0150]. Manganese catalases belong to a complex (ferritin-like) superfamily, comprising up to 12 distinct families with over 11,500 known sequences [@b0225]. In contrast to KatEs and KatGs, MnCats are single domain proteins with a typical ferritin-like four helical bundle [@b0050; @b0230]. The robust tree depicted in [Fig. 9](#f0045){ref-type="fig"} is based on 100 full length protein sequences. Besides the five distinct clades defined previously [@b0005], a new basal clade and a connecting clade were found in the updated phylogenetic reconstruction presented herein. Maximum likelihood analysis revealed that MnCat from *Halothermothrix orenii* is at the origin of the whole MnCat family. This MnCat gene comes from a strictly anaerobic thermohalophilic Gram-negative bacterium with optimal growth conditions around 60 °C and 1.7 M NaCl [@b0235]. This bacterial lineage is thought to be closely related to (thermophilic) LUCA [@b0240] suggesting that manganese catalases were present in anaerobic thermohalophilic bacteria long before the proposed increase of atmospheric oxygen by oxygenic photosynthesis. This moves the origin of the MnCat family evolution to a former date than previously supposed [@b0060].

The sequence from the soil Acidobacterium *Solibacter usitatus* [@b0245] resides in the outgroup clade ([Figs. 9 and 10](#f0045 f0050){ref-type="fig"}) and -- although annotated as MnCat -- it is closely related with the family of YciF proteins, known as bacterial stress proteins [@b0250] from the ferritin-like superfamily, with no manganese ions bound and consequently without catalase activity. The closely related basal clade of manganese catalases ([Fig. 10](#f0050){ref-type="fig"} ) contains only sequences from Firmicutes (including Clostridia) with anaerobic metabolism reflecting slow evolution via speciation events.

An important point in MnCat evolution was an early gene duplication (mentioned already in [@b0060]) visible in the node separating Clades 1--3 from Clades 4--5 ([Fig. 10](#f0050){ref-type="fig"}). Firmicutes sequences are present also in the roots of Clade 3, represented by MnCat from *Lactobacillus plantarum* with known 3D structure [@b0230] but further steps of this evolution led to the acquisition of MnCat in the Phyla Cyanobacteria and Actinobacteria. In contrast with the roots of *katG* evolution, in this clade only sequences from specifically evolved Cyanobacteria, like diazothrophic (N~2~-fixing) *Cyanothece* sp. and *Nostoc punctiforme* ([Fig. 10](#f0050){ref-type="fig"}) point to a possible HGT event from Firmicutes. A big group of Alphaproteobacterial MnCats exists in Clade 3 with MnCat from *Rhodopirellula baltica* as a typical example. This planctomycete contains in addition a bifunctional KatG (at the hypothetical root of that family). As the RbaMnCat is located in later steps of manganese catalase gene evolution, it is reasonable to assume that KatG started to evolve later in genomic evolution compared to MnCat.

Further steps of evolution in this direction lead to a mixed Actinobacteria and Firmicutes Clade 2 and a Deinococci and Crenoarchaeota Clade 1 that diversified by a late gene duplication event. In Clade 1 the extremophile (aerobic) *Thermus thermophilus* with temperature optimum above 62 °C [@b0255] is represented by two related MnCats. Neither KatE nor KatG is found in this organism [@b0255]. The Crenarchaeota representatives of Clade 1 are represented by MnCat sequences from the phylum Pyrobaculum. These putative manganese catalases are very interesting, since these microorganisms are also aerobic extremophiles living around 100 °C. Manganese catalases from such boundaries of life as probably sole catalysts for H~2~O~2~ decomposition are of exceptional biotechnological interest.

Clades 4 and 5 separated themselves by a series of later gene duplication events as apparent from [Fig. 11](#f0055){ref-type="fig"} . In Clade 4 a second group of cyanobacterial sequences is present, among them also a MnCat from the primordial *G. violaceus*. Presence of planctobacterial sequences mixed with proteobacterial further support the hypothesis that MnCats are older than KatGs. Clade 5 is dominated by numerous Gamma- and Betaproteobacterial sequences but also a mixed group containing MnCats from Actinobacteria and Bacteroidetes are found. In some cases, like for the erythromycin producer *Saccharopolyspora erythraea* [@b0260] it is interesting to see, that all three hydrogen peroxide dismutating protein families occur, namely two typical catalases (a small and a large subunit protein), a catalase--peroxidase (KatG) as well as a manganese catalase (labeled in bold in the corresponding phylogenetic trees). Coming from different evolutionary routes they constitute the armory of a typical actinobacterial cell against oxidative stress but details of their different physiological regulation and function need to be elucidated in the future.

In conclusion, manganese catalases are the oldest catalysts designed by nature for H~2~O~2~ dismutation. So far no eukaryotic representative is found suggesting that this protein family is very old and probably stayed restricted to bacteria and archaea where indications for an adaptation to various environments could be observed [@b0210] but the phenotypic details on this adaptation still need more proofs. The physiological limitations could be that heme catalases (KatG and KatE) have a better catalytic efficiency [@b0045; @b0050; @b0055] than manganese variants. Nevertheless, the occurrence of non-heme catalases in extremophils make these proteins interesting for biotechnological purposes.

Conclusion {#s0045}
==========

*Catalatic* enzymes are ubiquitous in nature and found in all kingdoms of life. Manganese catalase is the oldest H~2~O~2~ dismutating catalyst and its occurrence is restricted to the prokaryotic world. Heme *b* containing catalase--peroxidases were designed later in evolution -- besides prokaryotic proteins -- also enzymes from protists and fungi are found. Finally, typical catalases evolved that are widely distributed in eukaryotes including plants and animals. The present phylogenetic analyses demonstrate the distribution of these oxidoreductases that is closely correlated with the actual physiological demand. Most interestingly, especially (prokaryotic and eukaryotic) pathogens have a great armory of *catalatic* enzymes that play distinct roles in pathogenesis. Understanding their specific involvement and relations between function and catalase structure may help to design specific inhibitors and prevent diseases of humans, animals and plants.

Appendix A. Supplementary data {#s0065}
==============================

Supplementary figures(Fig. 1) The evolutionary origin of large-subunit catalases. Numbers in the nodes represent bootstrap values for 1000/1000/100 replications in NJ/ME/ML, respectively. Additionally, the number of amino acids per subunit is given. (Fig. 2) Details on relationships between 4th fungal small subunit group of catalases with branches of catalase-lipoxygenase fusion proteins. Numbers in the nodes represent bootstrap values for 1000/1000/100 replications in NJ/ME/ML, respectively. Additionally, the number of amino acids per subunit is given.
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*Abbreviations used:* HGT, horizontal gene transfer; KatE, typical (monofunctional) catalase; KatG, (bifunctional) catalase--peroxidase; MnCat, manganese catalase; LUCA, last universal common ancestor; ROS, reactive oxygen species; PTS, peroxisomal targeting signal.

Supplementary data associated with this article can be found, in the online version, at [doi:10.1016/j.abb.2012.01.017](10.1016/j.abb.2012.01.017).

![Reconstructed unrooted tree of 200 typical (monofunctional) catalases obtained with the ML method of the MEGA package [@b0070]. Almost identical trees were obtained also with NJ and ME methods.](gr1){#f0005}

![Reconstroncted unrooted tree of Clade 2 of typical catalases. Details about phylogeny of large-subunit catalases from Bacteriodetes, Archaea, Actinobacteria, Firmicutes and Euryarchaeota as well as fungi are shown. Numbers in the nodes represent bootstrap values for 1000/1000/100 replications in NJ/ME/ML, respectively. Additionally, the number of amino acids per subunit is given.](gr2){#f0010}

![Reconstructed unrooted tree of Clade 1 of typical catalases. Details about phylogeny of small-subunit catalases from plants and fungi are shown. Numbers in the nodes represent bootstrap values for 1000/1000/100 replications in NJ/ME/ML, respectively. Additionally, the number of amino acids per subunit is given.](gr3){#f0015}

![Reconstructed unrooted tree of Clade 3 of typical catalases. Details about phylogeny of small-subunit bacterial, archaeal, fungal, plant and animal catalases are shown. Numbers in the nodes represent bootstrap values for 1000/1000/100 replications in NJ/ME/ML, respectively. Additionally, the number of amino acids per subunit is given.](gr4){#f0020}

![Reconstructed unrooted tree of 204 catalase--peroxidases (KatGs) obtained with the ML method of the MEGA package [@b0070]. Very similar trees were obtained with NJ and ME methods of the same package. Numbers in the nodes represent bootstrap values for 1000/1000/100 replications in NJ/ME/ML, respectively. Additionally, the number of amino acids per subunit is given.](gr5){#f0025}

![The origin of the catalase--peroxidase evolution among bacteria of Planctomycetes and closely related groups.](gr6){#f0030}

![Branching of the Proteobacterial A group of catalase--peroxidases from the main paralogs Clade 1 and major HGT event of *katG* genes between bacteroidetes and sac fungi.](gr7){#f0035}

![Details on eukaryotic lineages of catalase--peroxidases in the minor Clade 2 and also related bacterial and archaeal representatives.](gr8){#f0040}

![Reconstructed unrooted tree for 100 manganese catalases obtained with the ML method of the MEGA package. Nearly identical trees were obtained also with NJ and ME methods of the same package. Numbers in the nodes indicate bootstrap values for 1000/100/100 replications in NJ/ME/ML, respectively.](gr9){#f0045}

![Details on the reconstructed tree covering the basal manganese catalase clade connected with an outgroup as well as Clades 1--3.](gr10){#f0050}
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